Magnetization, electrical resistivity and X-ray diffraction measurements were carried out for Mn 1.8 Co 0.2 Sb with a tetragonal structure in 4.2¯T¯280 K and in field B up to 16 T. For B = 0 T, anisotropic structural deformation occurred at T t ³ 140 K for zero-field cooling (ZFC), accompanied by a first-order magnetic transition from the ferrimagnetic (FRI) to antiferromagnetic (AFM) phases. In this deformation, the lattice parameters a and c changed by ¦a/a = +0.15% and by ¦c/c = ¹0.44%, respectively. By applying magnetic fields of 5 T, T t decreased to 60 K with thermal hysteresis of 35 K. The two-phase coexistence of the AFM and residual FRI phases was observed even at 10 K for field cooling of 5 T, while a single phase of AFM was confirmed for ZFC. At B = 16 T, the transition did not occurs. In addition, a field-induced structural deformation was observed, accompanied by the metamagnetic transition just below T t . The obtained results are discussed from a viewpoint on entropy change for the transition.
Introduction
Mn 2 Sb with a Cu 2 Sb-type tetragonal structure (space group: P4/nmm) is ferrimagnetic (FRI) below T C ³ 550 K. 1, 2) There are two crystallographically non-equivalent sites for Mn atoms, Mn1 (2a-site) and Mn2 (2c-site), which are tetrahedrally and octahedrally surrounded by Sb atoms. The Sb atom occupies at the 2c-site. Neutron diffraction study shows the presence of triple layers (Mn2Mn1Mn2) along the c-axis and antiparallel magnetic moments on Mn1 and Mn2. The magnetic moments of Mn atoms are 2.1 µ B /Mn1 and 3.9 µ B /Mn2, leading the FRI state.
2)
The substitution of Co for Mn, Mn 2¹x Co x Sb, results in a first-order magnetic phase transition from FRI to antiferromagnetic (AFM) at T t (³130300 K) for cooling process. 1, 3) With increasing x, T t and T C increase and decrease, respectively. 3) This indicates that the substitution of Co for Mn contributes to the stabilization of the AFM phase and the destabilization of the FRI phase. From neutron diffraction experiments of Mn 1.8 Co 0.2 Sb, it was reported that the Co atoms were substituted randomly for the Mn1 site. 4) The moments of all triple layers are antiparallel in the AFM state, whereas the arrangement is parallel in the FRI state. 2, 3) The FRI-AFM transition at T t occurs with abrupt changes of the lattice parameters, the magnetization and the resistivity. 3, 58) The magnetoresistance and magnetostrictive effects arise in T < T t , accompanied by a field-induced AFM-FRI transition (metamagnetic transition).
68) Therefore, this compound attracted attention as a magnetic field controlled actuator material.
Recently, it was reported that the dynamics of the FRI-AFM transition in Mn 1.85 Co 0.15 Sb were arrested by applying magnetic field B, which is so-called kinetic arrest effect (KA effect). 6) Our previous study indicates that the structural properties of Mn 1.8 Co 0.2 Sb were also affected by the KA effect under magnetic fields. 8) In order to clarify the magnetic and structural properties of the Mn 2¹x Co x Sb system and to estimate the potential for application, it is required to investigate the properties using high magnetic fields. In this paper, we present the experimental results of magnetization, electrical resistivity and high field X-ray powder diffraction (HF-XRD) measurements on Mn 1.8 Co 0.2 Sb.
Experimental
Polycrystalline Mn 1.8 Co 0.2 Sb was prepared by arc-melting a mixture of nominal amounts of pure elements (Mn, 3N; Co, 3N; Sb, 4N) in an argon atmosphere. The obtained button ingot was turned over and re-melted several times. After that, the ingot was annealed at 923 K for 24 h in a quartz tube with a vacuum and then slowly cooled to room temperature (RT). The obtained sample was confirmed to be a single phase of the Cu 2 Sb-type structure by X-ray powder diffraction (XRD) measurements at RT. The lattice parameters a and c were determined to be 0.4077 and 0.6455 nm at RT, respectively, which are comparable to the reported data. 5) XRD measurements were carried out using Cu K¡ radiation in 10¯T¯250 K and for B¯5 T. 9, 10) In this paper, all XRD profiles are presented after removing the K¡2 contribution from the observed profiles.
Magnetization M measurements were carried out using a so-called SQUID magnetometer (Quantum Design) for B¯5 T and using an extraction type magnetometer for B¯16 T. Electrical resistivity µ measurements were performed by the standard four-probe technique for B¯16 T. For in-field µ measurements, magnetic field was applied parallel to the current direction.
Thermal analysis was carried out using a differential scanning calorimeter (DSC) (NETZSCH) under N 2 atmosphere (ambient pressure) in 77¯T¯300 K. Figure 1 shows the temperature dependence of the magnetization of Mn 1.8 Co 0.2 Sb in several fields up 16 T. Here, the measurements were made in field cooling (FC), field cooled worming (FCW) and field warming after zero-field cooling (ZFCW). The data for B = 0.1 T indicates that the first-order phase transition from the FRI to AFM phases occurs at T t = 145 K. The width of the thermal hysteresis is approximately 5 K for B = 0.1 T. By applying B = 5 T, T t decreases and the width of the hysteresis increases. In 10¯T¯100 K at 5 T, the value of M for FCW at 5 T (FCW-5T) are larger than that for ZFCW at 5 T (ZFCW-5T), indicating that the behavior of M depends on the field condition and the cooling process. The inset of Fig. 1 shows the enlarged view for low temperature region. As seen in this figure, M of FCW-5T (solid curve) decreases in 30¯T¯50 K with increasing T. This means that the some of the residual FRI phase was transformed into the AFM phase with increasing T. For B = 16 T, the FRI-AFM transition is not observed even at 4.2 K. Figure 2 shows the temperature dependence of the electrical resistivity µ for Mn 1.8 Co 0.2 Sb for B = 0, 5 and 16 T. By decreasing T, the first-order phase transition from the FRI phase (low resistivity) to AFM phase (high resistivity) is confirmed in a zero field. With the increase of B, T t decreases and the width of the hysteresis increases. From the difference of µ among FC-5T, FCW-5T and ZFCW-5T at low temperature, not only the magnetic property but also the electrical property strongly depends on magnetic fields and cooling process. For example, although the value of µ for ZFCW-5T is almost the same as that for ZFC and ZFW at 4.2 K, it differs from that for FC-5T and FCW-5T. This difference in lower temperature is due to the residual FRI phase induced by the magnetic field for FC-5T process. It was reported that this residual FRI phase by magnetic field in (Mn 1¹x Co x ) 2 Sb system arose by the KA effect. 7) For B = 16 T, the FRI-AFM transition is not observed even at 4.2 K. The results are consistent with magnetic properties. Figure 3 shows the XRD profiles for the 004 (a) and 220 (b) reflections at several temperatures for ZFC, FC-5T and ZFCW-5T. For ZFC measurements, the peak intensity of the FRI phase ( ) is confirmed only in 150 < T¯250 K. The reflection peak of the AFM phase ( ) appears in T¯150 K, and the two-phase coexistence of the AFM and FRI phases is observed in 120¯T¯150 K. Below 100 K, the AFM phase is only confirmed. By the measurements in 20°¯2ª¯90°at 10 and 250 K, it was confirmed that the first-order phase transformation is an isostructural. For FC-5T, the AFM phase appears in T < 110 K, but the residual FRI phase also exists even at 10 K. For ZFCW-5T, the AFM phase is only seen at 10 K. With increasing T, the FRI phase appears due to the reverse transformation at 85 K, and then the AFM phase disappears over 120 K. These results are consistent with the M and µ measurements. From the peak intensity for FC-5T, we estimated that 33% of the FRI phase remains in the sample at 10 K under B = 5 T. This is consistent with the results deduced from the electrical resistivity measurements. 3 ) at T t , leading that a increases by 0.15% and c decreases by 0.44%. These values are consistent with reported data. 5) For B = 5 T (Fig. 5) , the parameters were estimated to be a = 0.4056 nm and c = 0.6383 nm for the stable AFM phase and a = 0.4044 nm and c = 0.6418 nm for the residual FRI phase at 75 K. The values of ¦a/a and ¦c/c between the FRI and AFM phases are 0.30 and ¹0.55%, respectively. Figure 6 shows the XRD profiles for the 004 (a) and 220 (b) reflections in B¯5 T at 120 K. These measurements were carried out after ZFC from 200 K. In addition to the reflection peak of the AFM phase ( ), a small amount of the FRI phase ( ) was confirmed at B = 0 T. This suggests that the transition from the FRI to AFM phases was not completely finished even at 120 K. With increasing B, the intensity of the reflection peak of the AFM phase becomes weaker and is not clearly observed in B > 4 T. In contrast, the peak of the FRI phase appears and develops in B ² 1.5 T, and then the single phase of FRI is formed at B = 5 T. The two-phase coexistence consisting of the AFM and FRI phases is observed in 1.5¯B¯4 T. With decreasing B, the FRI phase still remains down to 2.5 T. This result is consistent with the magnetization (M-B) curve at 120 K, as shown in Fig. 7 .
Results and Discussions
The obtained results show that a field-induced structural deformation with the hysteresis occurs in this compound. Figure 8 shows the magnetic field dependence of a, c and V of Mn 1.8 Co 0.2 Sb at 120 K. In this figure, the small amount of the residual FRI phase in B < 2.5 T is neglected because the lattice parameters could not be determined precisely. In this field-induced deformation at 120 K, the parameters changes by «¦a/a« = 0.25%, «¦c/c« = 0.47% and «¦V/V« = 0.06%. We discuss the obtained results from viewpoint of Gibbs free energy G and entropy S change for the phase transition.
11) Upon applying a magnetic field to this compound, the decrease of G of the FRI phase is larger than that of the AFM phase because of the gain of the Zeeman energy. This leads that the FRI-AFM transition temperature decreases by applying magnetic fields.
Furthermore, the S change is probably an important role to the magnetic and structural behavior. In Fig. 7 , the typical result of the M-B curves at several temperatures is shown. The metamagnetic transition was observed in T¯140 K. The width of the magnetic hysteresis increases with decreasing T. Figure 9 shows the magnetic phase diagram deduced from the M-B curves below 140 K. Here, B up , B down and B 0 are the AFM-FRI transition starting field, the FRI-AFM reverse transition starting field and the equilibrium magnetic field [= (B up + B down )/2], respectively. 11) For T¯140 K, the magnetic hysteresis B h (= B up ¹ B down ) increases with decreasing T. On the other hand, it seems that B 0 is almost constant to T for T¯50 K. This behavior is very similar to that of ferromagnetic shape memory compounds Ni 45 Co 5 -Mn 36.7 In 13. 3 11) and Ni 37 Co 11 Mn 42.5 Sn 9.5 . 12) According to Ito et al., 11) the following relation is given by the ClausiusClapeyron relation in the magnetic phase diagram,
where ¦M and ¦S are the differences in magnetization and entropy between the FRI and AFM phases, respectively. As seen in Fig. 7 , since ¦M is almost constant in the range from 40 to 45 JT ¹1 kg ¹1 for T¯140 K, the ¦S is mainly proportional to dB 0 /dT. Figure 9 shows that B 0 is almost constant to T in T¯50 K, indicating that dB 0 /dT is almost zero. It is deduced that ¦S is also almost zero from eq. (1) at low temperature as shown in Fig. 10 . The data in Fig. 10 were calculated from eq. (1) using the values of ¦M (Fig. 7) and dB 0 /dT (Fig. 9) . In a zero magnetic field, ¦S was estimated to be 3.5 JK ¹1 kg ¹1 in the vicinity of 150 K by DSC experiments for Mn 1.8 Co 0.2 Sb. This value is consistent with the data in Fig. 10 .
In general, the driving force for phase transition is related to the difference of the slope of G curves between difference phases. This difference corresponds to ¦S. The driving force from the FRI to AFM phases in Mn 1.8 Co 0.2 Sb is probably suppressed by ¦S ¼ 0 at lower temperature under high magnetic fields. Therefore, the residual FRI phase was probably observed even at 10 K under the FC-5T condition. From another point of view, this means that the slope of the G curve of the FRI phase approaches that of the AFM phase in the vicinity of the FRI-AFM transition temperature by applying magnetic fields. This leads that the width of the hysteresis expands, as seen in Figs. 1 and 2 . The obtained results suggest that the above scenario can be applied to one explanation of the magnetic field effect on the FRI-AFM phase transition of Mn 1.8 Co 0.2 Sb.
Conclusion
Magnetization, electrical resistivity and X-ray diffraction measurements were carried out for polycrystalline Mn 1.8 -Co 0.2 Sb in 4.2¯T¯280 K and in 0¯B¯16 T. The compound showed the first-order transformation from the ferrimagnetic (FRI) to antiferromagnetic (AFM) phases at T t = 145 K for the zero-field cooling process. In XRD measurements, for the field cooling process under 5 T, the AFM phase appeared in T < 110 K but the two-phase coexistence of stable AFM and residual FRI was observed. We confirmed the field-induced structural deformation for the compound, accompanied by the metamagnetic transition just below the transition temperature.
